Through-focus scanning optical microscopy (TSOM) is another 'scanning' based method that provides threedimensional information (i.e. the size, shape and location) about micro-and nanometer-scale structures. TSOM, based on a conventional optical microscope, achieves this by acquiring and analyzing a set of optical images collected at various focus positions going through focus (from above-focus to under-focus). The measurement sensitivity is comparable to what is possible with typical light scatterometry, SEM and AFM. One of the unique characteristics of the TSOM method is its ability to separate different dimensional differences (i.e. ability to distinguish, for example, linewidth difference from line height difference), and hence is expected to reduce measurement uncertainty. TSOM holds the promise of high-throughput, through comparative measurement applications for wide variety of application areas with potentially significant savings and yield improvements.
through-focus images is selectively discarded to form a 3D confocal image. It was found that the through-focus contrast in the image of isolated line gratings was sensitive to the line width (CD) [16, 17] . In these type of studies, the plot of contrast in the profile as a function of focus position was termed as "through-focus focus metric". CD analysis was performed by studying variations in the through-focus focus metric profile. As a visual aid for CD analysis using through-focus focus metric, through-focus optical cross sectional intensity profiles were stacked to form an image similar to the 2D TSOM images used in the current study in Ref. [18] . Through-focus optical differential images were also used to study defects [19] . As will be seen in the following sections, TSOM method uses differential TSOM images (i.e differential cross sectional intensity images) as opposed to differential images as used in this defect analysis work.
In the TSOM method, through-focus images are stacked as a function of focus position resulting in a 3D space containing optical information. From this 3D image space, cross sectional 2D TSOM images are extracted through the location of interest in any given orientation. In the TSOM method the entire 3D optical information is acquired and preserved for dimensional analysis. Neither the out-of-focus optical information is discarded, as in Confocal microscopy, nor is the intensity profile reduced to a number, as in the through-focus focus metric method.
METHOD TO CONSTRUCT A TSOM IMAGE
The TSOM method requires a conventional brightfield optical microscope with a digital camera to capture images, and a motorized stage to move the target through the focus. Fig. 1 demonstrates the method to construct TSOM images using an isolated line as a target. Simulated optical images are used here to illustrate the method. Optical images are acquired as the target is scanned through the focus of the microscope (along the z-axis) as shown in Figs. 1(a) & 1(b). Each scan position results in a slightly different two-dimensional intensity image ( Fig. 1(c) ). The acquired optical images are stacked at their corresponding scan positions, creating a three-dimensional TSOM image, where the x and the y-axes represent the spatial position on the target and the z-axis the scanned focus position. In this 3D space, each location has a value corresponding to its optical intensity. The optical intensities in a plane (e.g., the xz plane) passing through the location of interest on the target (e.g., through the center of the line) can be conveniently plotted as a 2D image, resulting in a 2D-TSOM image as shown in Fig. 1(e) , where the x axis represents the spatial position on the target (in x), the y axis represents the focus position, and the color scale represents the optical intensity. Note that the intensity (color) axis is typically rescaled for each image. For 3D targets, appropriate 2D-TSOM images are selected for dimensional analysis. In this paper, we use "TSOM image" to refer to these 2D-TSOM cross-sectional images.
CHARACTERISTICS OF TSOM IMAGES

TSOM Images Change with Target
The TSOM images vary substantially for different types of targets. This variation is illustrated in Fig. 2 for four types of targets, using optical modeling simulations. An isolated line, measured using a reflection-based optical microscope, is shown in Fig. 2(a) . A finite dense array with 9 lines produces the TSOM image in Fig. 2 (b) . This target has a pitch of 105 nm, and the simulation was done using 193 nm. In-chip overlay targets must be small so that they can be placed in the active area. The TSOM image for an in-chip target at λ = 193 nm is shown in Fig. 2(c) . A TSOM image may also be produced for transmission microscopy; a photomask target in a transmission mode microscope at λ = 365 nm is shown in Fig. 2(d) . This target has a chrome line on a quartz substrate.
Differential TSOM Images Appear to be Distinct for Different Dimensional Changes
A small change in the dimension of a target produces a corresponding change in the TSOM image. Comparing two TSOM images from different targets, one can identify differences between the targets. In the current analysis we demonstrate the approach for an isolated line (i.e., a line several wavelengths away from nearby features). Although one can compare and identify changes in different ways, here we present a method based on a differential TSOM image. For example, an isolated 2D line produces distinct differential TSOM images for line width, line height, and sidewall angle differences as shown in Figs. 3(a) , 3(b) , and 3(c), respectively. In this example the differential TSOM images facilitate identification of the dimensions that are different between these nanoscale targets. The following observations can be made from the differential TSOM images. For the simulations shown, a small change in the dimension of the target can be identified using this method. However, sensitivity to small dimensional changes will depend on the measurement noise, sensitivity, and monotonic response. The simulation data show that a small change in the line height, the linewidth, or the sidewall angle show qualitatively distinct differential TSOM image responses. We have confirmed similar simulation-based results for several different types of targets. 
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Differential TSOM Images are Qualitatively Similar for Differences in the Same Dimension
As shown above, different dimensional changes (i.e., width or height) produce qualitatively distinct differential TSOM images. However, for different magnitude changes of the same dimension, the differential TSOM images appear qualitatively similar. Figs 4(a) and (b) present differential TSOM images for 2.0 nm and 4.0 nm differences in linewidth, respectively, in an isolated line. These simulations yield qualitatively similar appearing differential TSOM images. We performed the same analysis for several different types of targets under different conditions. In all the cases tested, we observed similar behavior, which holds true as long as the difference in the dimensional magnitude is smaller than the dimension of the target. It is also important to note that the qualitative differences in the differential TSOM images for various dimensional changes (e.g., linewidth vs. line height) are much stronger than the differences in the differential TSOM images for various magnitudes of change in the same dimensional parameter (1 nm vs. 2 nm linewidths). 
Integrated Optical Intensity of a Differential TSOM Image Indicates the Magnitude of the Dimensional Difference
Integrated optical intensity of a differential TSOM image can be evaluated in various ways. In the current work, we use two methods. Both can be used to quantify the magnitude of the difference for a single parameter. The first method is the "mean square difference" (MSD), which is defined here as,
Where A and B are the TSOM images from two targets, and n is the total number of pixels in the image. Differences of 2.0 nm and 4.0 nm in the linewidths of an isolated line (Fig. 4) produce MSD values of 10.0x10 -6 and 35.0x10 -6 , respectively. In this example the MSD values increased in direct relationship to the magnitude of the dimensional differences. However, the amount of increase depends on the individual case. For consistent results and comparison, the total number of pixels in the images, the selected x-axis distance, and the focus range must be kept constant.
The second method is "mean difference" (MD), which is defined as follows:
Both MSD and MD are used appropriately where needed.
TSOM Images Appear to be Unique
We tested the uniqueness of TSOM images for a small parameter space using simulations. For this, we simulated a small library of TSOM images for linewidths varying from 145 nm to 155 nm and line heights varying from 125 nm to 135 nm. We used a 1.0 nm step increment for both the linewidth and the line height to produce a total of 121 simulation combinations. We then generated another set of "unknown" target simulations, the dimensions of which do not exactly match that of the targets in the library, as shown in the table in Fig. 5 . These "unknown" targets were then compared to the library by evaluating the MSD values of their differential TSOM images. A plot of the MSD values thus obtained is shown in Fig. 5 for the linewidth of 146.2 nm and the line height of 233.8 nm. The minimum MSD value gives the best matched target. The best matched targets for the three unknown targets are also in Fig. 5 . The uniqueness and agreement is good for these simulated images, but must yet be verified experimentally.
TSOM method is Robust to Optical Aberrations and Process Variation
For metrology applications, it is important to evaluate the robustness of the differential TSOM image method. All optical tools have a degree of optical aberration. Knowing the degree to which error is introduced in the measurement by an optical aberration is critical. We studied this using simulations for overlay measurement of an in-chip overlay target [11] . TSOM images were simulated under two conditions: without optical aberration and with third order spherical aberration (with Zernike coefficient of 0.01). The optical intensity simulated with the programmed spherical aberration was considerably different from the aberration-free profile. However, the evaluated MSD corresponding to overlay under the two conditions showed a very small variation of about 0.0004 nm for a 4 nm overlay. The error in the overlay measurement is negligible under the experimental conditions, indicating this method is robust to optical aberration as long as the aberration remains constant between the compared TSOM images.
In practice, process variations that produce small changes in the dimensions of the metrology targets are common, including for overlay measurement targets [11] . For a 4 nm overlay, the selected target in Reference 11 produced an MSD value of 21.7x10 -6 . A 5 nm change in the line height due to process variations produced an MSD value of 22.3x10 -6 , which results in a 0.06 nm error in the overlay measurement. Similarly, simulated 4 nm difference in the linewidth produced an overlay error of 0.032 nm. This example shows a relatively small error in the overlay measurement due to process variations, and hence makes this method robust for the conditions studied in Reference 11.
TWO TYPES OF APPLICATIONS
Currently, based on the characteristics of the TSOM images, we propose two applications of the TSOM method:
To determine differences in dimensions, and (ii)
To determine the absolute dimensions of a target
The first type of application, sensitivity to dimensional change, requires a minimum of two targets. For these sensitivity measurements, although simulations are not necessary, they can greatly enhance the understanding of the dimensional sensitivity behavior pattern of the method.
In the second type of application, an acquired TSOM image is compared with either a simulated or experimentally created library. The best matched TSOM image in the library provides the physical dimensions of the target. Creating a library experimentally requires a set of reference calibration samples (accurately measured with other reference techniques) that span the range of anticipated values for the parameters to be measured by TSOM. Determining the physical dimensions using simulated library, on the other hand, requires accurate simulations, validated by satisfactory experiment-to-simulation agreement during the development phase. In the current work, three types of optical simulation programs were used [4] [5] [6] , but rigorous experiment to simulation matching has not yet been generally demonstrated.
SOME EXAMPLE APPLICATIONS
Dimensional Analysis of Nanodots (Nanoparticles, Quantum Dots) Using Experimental Library
We conducted an experiment to determine the size of nanodots using a measured library. For this purpose, approximately square Si nanodots on a Si substrate were fabricated with nominal sizes ranging from 40 nm to 150 nm and a fixed height of about 70 nm. The SEM lateral dimension reference measurements were always larger than the nominal designed dimensions. Even though the nanodots are not exactly the same as nanoparticles, the measurement procedure remains the same. Lateral dimensions of the nanodots were measured using an SEM, which has a nominal measurement uncertainty of about 5 %. Following the SEM measurements, the TSOM images were acquired for the selected nanodots using polarized illumination at a wavelength of 546 nm. A typical background intensity-normalized to zero TSOM image for TE polarization is shown in Fig. 6(a) . Using the experimental TSOM images thus created, integrated mean square intensities (MSIs) for the selected nanodots were evaluated and plotted as a function of the SEMmeasured nanodot size as shown in Fig. 6(b) . Under the current experimental conditions, the curve nominally follows a linear trend. This is treated as the library or the calibration curve for dimensional analysis of nanodots of unknown size. An "unknown-size" nanodot was measured from this calibration curve using the integrated mean square intensity of its TSOM image, producing a measured size of 108 nm. This "unknown-size" nanodot had previously been measured with SEM producing an measured size of 103 nm. Considering this an initial attempt, the agreement is good.
CD Analysis of Dense Line Gratings
Although dense, uniform line gratings with pitch below one-half the wavelength of the illumination result in an uninteresting featureless TSOM image when the grating fills the field of view, CD analysis with TSOM is still possible if the edge of the grating is analyzed as shown in Fig. 7(a-c) .
It is recognized that the dimensions of the lines at the edge of a grating are usually different from the lines in the middle of the grating, however, this does demonstrate a way to use the TSOM method to access some potentially-useful dimensional analysis information, even for dense gratings. The experimental differential TSOM image for an AFM-measured 3.2 nm difference in the linewidths shows a good signal (see Fig. 7(c) ). Consequently, we proposed a much smaller size line grating as shown in Fig.  7(d) for dimensional analysis. The simulated differential TSOM image for a nanometer difference in the linewidths shows a good signal (Fig. 7(f) ), indicating that the smaller sized gratings are equally effective for dimensional analysis using the TSOM method. Advantages include the ability to use much smaller sized gratings, which use less valuable area, and the ability to extend the use of visible wavelength illumination and optics for measuring dense gratings with linewidths potentially down to as small as 16 nm (with 1:2 pitch), as listed in the International Technology Roadmap for Semiconductors out to 2025. Further experimental verification work is needed to come to a definite conclusion.
Defect Analysis
Under certain circumstances, the use of the direct (not differential) TSOM image is helpful. For example, TSOM images can highlight the presence of defects and the types of defects in a dense grating. Experimental TSOM images for four dense gratings fabricated with intentional defects are shown in Fig 8. The four types of defects with periodic 10 nm differences in the linewidths produce distinctly different TSOM images, indicating the presence of the defects and pointing to the type. In contrast, the absence of any defects would produce featureless TSOM images for these dense targets.
SUMMARY
This paper presents a novel through-focus scanning optical microscopy (TSOM) method that potentially transforms a conventional optical microscope into a 3D metrology tool with nanometer measurement sensitivity, comparable to typical scatterometry, SEM, and AFM. It achieves this by using the additional information contained in a set of throughfocus optical images rather than just a single image at the best focus position. The TSOM images are formed by stacking the through-focus optical image intensity profiles such that the x-axis represents the lateral distance on the target, the yaxis represents the through-focus position and the intensity of the image, and the z-axis represents the optical intensity. We have proposed two main applications of the TSOM images: (i) to determine a change in the relative dimensions and (ii) to determine the actual dimensions of a target. We presented several examples using optical simulations and experimental results.
Differential TSOM images appear to be distinct for different parametric changes. They enable us to identify which parameter is different between two targets. However, the differential TSOM images obtained for different magnitude changes of the same parameter appear qualitatively similar. In this case, the MSD value enables us to determine the magnitude of the difference in the dimension. The TSOM images enable us to determine the dimensions of an unknown target by the library matching method, if we are able to generate accurate simulations and verified by experimental measurement results for a fully characterized optical microscope. We expect the TSOM method to be applicable to a wide variety of targets with a variety of applications including, but not limited to, CD metrology, overlay metrology, defect analysis, inspection, and process control. 
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